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PREFACE 


The  work  described  in  this  report  was  performed  by  Chamberlain  Manufac¬ 
turing  Corporation,  GARD  Division,  7449  North  Natchez  Avenue,  Niles, 
Illinois  60648,  for  the  U.  S.  Army  Tank-Automotive  Command  (TACOM)  under 
Contract  No.  DAAE07-85-R-R100.  The  work  was  administered  under  the  direc¬ 
tion  of  Army  Project  Engineer  Larry  McNamara  of  TACOM,  Warren,  Michigan. 

The  work  was  performed  by  the  Electronic  Systems  Group,  of  the  GARD 
Division,  W.  Lichodziejewski ,  Manager,  by  I.  R.  Kraska,  Project  Engineer 
with  the  assistance  of  B.  H.  Hill  and  T.  A.  Mathieson. 

The  authors  gratefully  acknowledge  the  assistance  provided  by  the  Army 
Project  Engineer,  by  the  Red  River  Army  Depot  Material  Quality  Control 
Department  personnel  supervised  by  R.  M.  Rumbo,  and  by  William  Bono  at  Red 
River  Army  Depot. 

This  report  covers  work  conducted  during  during  the  period  of  September 
1985  to  August  1986. 


3 


TABLE  OF  CONTENTS 


Section  Page 

PREFACE  .  3 

1.0  INTRODUCTION  .  7 

2.0  OBJECTIVES .  7 

3.0  CONCLUSIONS  .  7 

4.0  RECOMMENDATIONS  .  8 

5.0  DISCUSSION .  8 

5.1  ADRIS  Modifications  .  8 

5.1.1  Firmware  Modifications  .  8 

5.1.2  Hardware  Modifications  .  10 

5.2  Field  Test .  10 

5.2.1  Adhesive  Strenght  Estimation  .  .  .  11 

5.2.2  Separation  Detection  . .  31 

5.2.3  Cosmetic  Fault  Detection  .  39 

LIST  OF  ILLUSTRATIONS .  5 

LIST  OF  TABLES .  6 

ADDENDUM  .  Addm-1 

DISTRIBUTION  LIST  .  Dist-1 


4 


LIST  OF  ILLUSTRATIONS 


Page 


Figure 

Title 

Figure  5-1  Typical  Peel  Record  . 14 

Figure  5-2  Measured  Adhesion  vs.  ADRIS  Estimate  Averaged  .  15 

by  Roadwheel  Size 

Figure  5-3  Measured  Adhesion  vs.  ADRIS  Parameter  .  16 

Scatter  24  x  2.12 

Figure  5-4  Measured  Adhesion  vs.  ADRIS  Parameter  .  .  .  19 

Scatter  24  x  2.125 

Figure  5-5  Measured  Adhesion  vs.  ADRIS  Parameter  .  20 

Scatter  24  x  3.75 

Figure  5-6  Measured  Adhesion  vs.  ADRIS  Parameter  ...  .  21 

Scatter  26  x  5.75 

Figure  5-7  Measured  Adhesion  vs.  ADRIS  Parameter  .  22 

Scatter  26  x  6 

Figure  5-8  Predicted  Adhesion  vs.  ADRIS  Parameter  .  25 

Regression  24  x  2.12  Class  I 

Figure  5-9  Predicted  Adhesion  vs.  ADRIS  Parameter  .  ...  26 

Regression  24  x  2.125  Class  I 

Figure  5-10  Predicted  Adhesion  vs.  ADRIS  Parameter  .  .  .  27 

Regression  24  x  3.75 

Figure  5-11  Predicted  Adhesion  vs.  ADRIS  Parameter  .  28 

Regression  26  x  5.75  Class  I 

Figure  5-12  Predicted  Adhesion  vs.  ADRIS  Parameter  .  29 

Regression  26  x  6  Class  I 

Figure  5-13  ADRIS  Indication  of  Adhesion  Failure  between  135°  and  .  32 
180°  Circumference  in  24  x  2.125  Roadwheel  F620740 

Figure  5-14  ADRIS  Indication  of  Adhesion  Failure  near  90°  .....  33 
Circumference  in  24  x  2.125  Roadwheel  F620741 

Figure  5-15  ADRIS  Indication  of  Adhesion  Failure  between  90°  and  .  34 
270°  Circumference  in  24  x  2.125  Roadwheel  B66339 

Figure  5-16  ADRIS  Indication  of  Separation  near  205°  .  36 

Circumference  in  26  x  5.75  Roadwheel  C69795 

Figure  5-17  ADRIS  Indication  of  Separation  near  150°  .  37 

Circumference  in  26  x  5.75  Roadwheel  C69796 

Figure  5-18  ADRIS  Indication  of  Separation  near  210°  .......  38 

Circumference  in  26  x  6  Roadwheel  F619408 


5 


LIST  OF  TABLES 


Table  Page 

Title 

Table  5-1  Roadwheel  Population  Summary  .  .12 

Table  5-2  Regression  by  Roadwheel  Size . 23 

Table  5-3  Regression  by  "Class  I"  Roadwheel  Size . 30 

Table  5-4  Summary  of  ADRIS  Separation  Detection  .  35 


6 


1.0  I NTRuDUCT ION 


This  report  presents  the  results  of  an  effort  to  upgrade  the  GARD-devel oped 
Automated  Depot  Roadwheel  Inspection  System  (ADRIS)  and  test  the  feasibi¬ 
lity  of  it  replacing  the  destructive  peel-strength  test  presently  in  use  at 
Army  depots.  The  ADRIS  was  the  result  of  these  original  goals,  combining 
an  automated  ultrasonic  scanning  configuration  adjustable  for  different 
roadwheel  sizes  with  microcomputer  communication  and  control  for  simplicity 
of  operator  interaction  and  interpretation.  This  is  the  latest  phase  of  a 
project  originated  to  ul trasonical  ly  inspect  roadwheel  production  and 
provide  depot-level  personnel  with  simple  accept/reject  criteria  for  road¬ 
wheel  qual ity  control. 

Herein,  the  firmware  of  the  ADRIS  was  extensively  modified,  its  hardware 
was  augmented,  and  a  6  month  field  test  at  Red  River  Army  Depot  was 
supported. 

This  report  will  present  a  summary  of  the  modifications  made  to  the  ADRIS 
hardware  and  firmware  along  with  a  discussion  of  their  implications.  Then 
a  detailed  examination  of  the  field  test  results  will  be  presented. 

2.0  OBJECTIVES 

The  aim  of  the  present  phase  of  the  project  was  to  modify  the  ADRIS 
firmware  to  include  adhesion  estimation  equations  developed  by  United 
Technologies  Research  Center  under  Contract  Number  DAAE07-84-M-R024  and  to 
assess  the  validity  of  these  equations  for  predicting  adhesion  strength  of 
roadwheel  rubber-to-metal  bonding  under  production  qual ity  control 
conditions. 

3.0  CONCLUSIONS 

During  the  field  test,  367  roadwheels  were  inspected  using  the  ADRIS;  166 
of  these  were  subjected  to  destructive  peel -strength  testing  to  corroborate 
ADRIS  indications.  From  these  destroyed  roadwheels,  over  3,700  data  pairs 
for  each  of  5  ADRIS  outputs  were  used  in  3  types  of  correlation  of  ADRIS 
adhesion  estimation  with  destructively  measured  adhesion  strength. 

Although  the  data  showed  monotonically  varying  trends  of  estimated  adhesion 
with  measured  adhesion,  estimation  of  peel-strength  by  the  ADRIS  yielded  no 
correlation  coefficient  greater  than  0.80.  This  low  value  is  likely  due  to 
corrupting  factors  in  the  destructive  peel  test  which  could  not  be 
compensated  for  in  the  data  selection  and  analysis. 

However,  ADRIS  prediction  of  adhesion  failure  was  more  successful.  Three 
roadwheels  failed  the  peel  test  because  of  poor  adhesion,  and  the  ADRIS  was 
able  to  reliably  predict  these  failures  with  no  overcall  or  undercall. 
However,  peel  testing  allows  acceptance/rejection  of  roadwheel  lots  on 
criteria  other  than  adhesion  failure  alone.  Presence  of  separations, 
contamination,  and  "poor  workmanship"  are  visually  assessed  during  peel 
testing.  Evidence  of  separation  presence  was  the  principal  mode  of  road¬ 
wheel  rejection  found  during  this  field  test,  occurring  in  20  percent  of 
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the  roadwheels  tested.  Because  of  current  hardware  and  firmware  configura¬ 
tion,  the  ADRIS  performed  poorly  in  predicting  this  cause  of  failure, 
yielding  an  average  detection  rate  of  42  percent  and  an  average  overcall 
rate  of  61  percent.  Further,  the  ADRIS  is  not  currently  capable  of  detec¬ 
ting  the  presence  of  contamination  or  rejectable  cosmetic  faults. 

Roadwheel  adhesion  failure  prediction  by  the  ADRIS  was  demonstrated  in 
three  cases  with  a  reliability  of  100  percent.  If  this  was  the  only 
measurement  required  for  acceptance/rejection,  the  ADRIS  could  be  adequa¬ 
tely  configured  for  production  use.  Further  observation  of  roadwheel 
adhesion  failures  while  monitoring  with  the  ADRIS  is  required  to  increase 
the  statistical  significance  of  this  conclusion. 

Estimation  of  adhesion  strength  could  not  be  established  to  a  correlation 
better  than  0.80.  The  volume  of  data  acquired  during  the  field  test  is 
more  than  that  which  could  be  completely  examined  within  the  limits  of  this 
effort.  From  preliminary  inspection,  there  appear  to  be  categories  into 
which  the  data  could  be  sorted  which  may  improve  the  adhesion  estimation 
performance  or  may  suggest  what  steps  are  necessary  to  improve  estimation 
performance.  It  Is  recommended  that  a  follow-on  effort  examine  our  current 
database  in  greater  depth,  attempting  to  provide  a  better  strength 
measurement  correlation. 

Separation  detection  by  the  ADRIS  was  found  to  be  no  better  than  an  average 
of  42  percent  indications  with  an  unacceptable  62  percent  rate  of  false 
detections. 

4.0  RECOMMENDATIONS 

Our  recommendation  is  that  separation  detection  be  Improved  by 
software/hardware  modifications  of  the  ADRIS.  These  Include  complete  scan 
across  the  width  of  the  roadwheel,  finer  beam  resolution  through  use  of 
smaller  diameter  transducers  or  focused  transducers,  increased  processing 
speed  and  memory  capacity  in  the  controlling  microcomputer,  and  more  micro¬ 
computer  control  of  front-end  signal  conditioning. 

Incorporation  of  such  modifications  may  also  Improve  ADRIS  detection  of 
contamination  and  rejectable  cosmetic  faults. 

5.0  DISCUSSION 

5.1  ADRIS  Modifications 

5.1.1  Firmware  Modifications.  The  ADRIS  was  originally  programmed  to 
function  primarily  as  a  data-logging  device  in  support  of  discovering  those 
patterns  of  ultrasonic  reflection  data  which  most  reliably  Indicated 
presence  of  debonding,  Inclusions,  and  weak  bonding  in  roadwheels.  Once 
such  patterns  were  identified,  it  was  then  intended  that  the  ADRIS  be 
reprogrammed  to  function  as  a  logic-filtering  device  in  support  of  yielding 
simple  accept/reject  decisions  on  roadwheel  quality. 
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The  present  phase  of  the  project  required  that  the  ADRIS  be  reprogrammed 
principally  to  support  the  implementation  of  three  specific  pattern  filters 
and  a  computation  of  estimated  adhesion  strength-  To  satisfy  the  require¬ 
ments  of  this  reprogramming,  the  original  integer  arithmetic  algorithms  of 
the  ADRIS  had  to  be  converted  to  floating-point  form  and  the  computation  of 
three  new  derived  parameters  had  to  be  implemented.  The  new  derived 
parameters  are: 

D2  =  A2  /  Abb 

d3  =  a3  /  ABB 
d5  =  A5  /  ABB 

where  A2  is  the  acquired  270  kilohertz  (kHz)  amplitude 
A3  is  the  acquired  370  KHz  amplitude 
A5  is  the  acquired  500  KHz  amplitude 
Abb  is  the  acquired  unfiltered  (broadband)  amplitude 
The  specific  pattern  filters  are: 

•  Weak  Bond  Test  A: 

D2  -  for  accumulated  circumference  >  25% 

•  Weak  Bond  Test  B: 

A2  <  12  for  accumulated  circumference  >  40% 

•  Undercure  Test  B: 

A 2  >  22  for  accumulated  circumference  >  40% 

The  estimated  adhesion  equations  are: 

PEEL(i)  =  C31  +  C32  *  X-j(i)  +  C33  *  X2(i) 
where: 

X-|(i)  =  C11+C12*A3(i)+C13*A5(i)+C14*A32(i)+C15*A52(i)+C16^A3(i)*A5(i) 

X2(i)  =  C2i+C22*A5(i  )+C23*D5(i  )+C24*A52(  i  )+C25*DB2(  i  )+C25*AB(  i  )*DB(  i ) 

expressed  for  each  sampled  circumferential  interval  i  and  the  are 
adjustable  coefficients. 
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With  the  introduction  of  these  parameters,  tests,  and  computations,  the 
operational  philosophy  has  distinctly  shifted  away  from  that  of  data 
logging  to  that  of  task  specificity.  The  specific  tasks  are  now  to  be 
acceptance  and  rejection  upon  detection  of  the  original  conditions  of 
phase-inversion  debonding  and  tread  rubber  inclusions  and  upon  measurement 
of  the  new  conditions  of  weak  bonding,  undercure,  and  adhesion  estimation. 
The  absence  of  a  printed  data  summary  reflects  this  shift.  Additionally, 
the  finding  that  processing  of  two  channels  of  data  does  not  materially 
contribute  to  corroboration  with  destructive  test  data  in  the  case  of 
roadwheels  with  wider  tread  has  led  to  the  processing  and  presentation  of 
data  averaged  across  the  active  channels.  This,  and  the  presence  of  new 
parameters,  are  reflected  in  a  modified  printout  format. 

Acquisition  of  the  110  KHz  filtered  amplitude  has  been  discontinued  with 
the  finding  that  it  does  not  materially  contribute  to  measurement  of  road- 
wheel  quality.  Finally,  the  ADRIS  firmware  has  been  modified  to  enable 
continuous  pulsing  of  the  ultrasonic  transducers  during  periods  of  non¬ 
inspection  for  the  purpose  of  maintaining  the  stability  of  the  electronics. 

5.1.2  Hardware  Modifications.  The  implementation  of  the  additional 
parameters  and  computations  discussed  in  par.  5.1.1  required  such  a  modifi¬ 
cation  of  the  ADRIS  operation  that  a  larger  capacity  random  access  memory 
(RAM)  was  needed.  This  was  supplied  by  the  replacement  of  the  original  16 
thousand  bytes  (K)  RAM  card  with  a  32K  RAM  card.  Because  of  the  net 
reduction  in  number  of  parameters  the  ADRIS  maintained  in  its  data  logging 
configuration,  no  enlargement  of  the  battery-backed  RAM  was  necessary. 

To  support  temperature  compensation  during  the  field  test,  an  external 
thermocouple  probe  and  readout  were  procured. 

5. 2  Field  Test 

The  ultimate  purpose  of  modifying  the  ADRIS  and  testing  its  predictive 
accuracy  on  the  production  line  is  to  use  it  to  replace  the  destructive 
peel-strength  test  currently  employed.  The  principal  benefits  to  be 
realized  from  this  are  that  because  the  ultrasonic  test  is  nondestructive 
in  nature,  product  no  longer  will  be  sacrificed  to  quality  control  and 
every  roadwheel  produced  can  be  inspected,  thus  eliminating  statistical 
sampling  and  inferential  assessment  of  lot  quality. 

This  section  describes  the  6  month  field  test  of  the  ADRIS  conducted  at  Red 
River  Army  Depot  (RRAD)  during  the  first  half  of  1986  in  support  of  these 
goals.  A  total  of  367  roadwheels  was  inspected  using  the  ADRIS.  Of  these, 
143  were  intercepted  from  production  lot  samples,  dynamometer  test  samples, 
or  other  quality  test  samples  scheduled  for  routine  peel-strength  testing. 
An  additional  224  roadwheels  were  directly  sampled  from  production 
inventory  by  GARD  personnel  in  order  to  discover  unusual  or  anomalous 
ultrasonic  output  and  to  destructively  determine  the  cause  by  unscheduled 
peel-strength  testing.  Of  these  latter,  a  total  of  23  wheels  were 
purchased  from  RRAD  production  for  destructive  evaluation  and  correlation 
with  ADRIS  output.  The  roadwheel  size  groups  investigated  were: 
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24  in.  by  2.12  in. 

24  in.  by  2-1/8  in. 

24  in.  by  3-3/4  in. 

26  in.  by  5-3/4  in. 

26  in.  by  6  in. 

Roadwheels  of  size  32-1/4  in.  by  3-1/2  in.  were  not  being  produced  in 
sufficient  quantity  during  this  period  to  be  subject  to  normal  RRAD  quality 
control  and  roadwheels  of  size  28  in.  by  2-1/2  in.  had  to  be  passed 
uninspected  because  the  ADRIS  has  no  fixturing  to  hold  this  size.  Table  5- 
1  summarizes  the  population  characteristics  of  the  roadwheels  examined 
during  this  field  test. 

The  peel-strength  test  procedures  presently  in  force  at  RRAD  address  not 
only  adhesive  strength  of  the  rubber-to-metal  bonding,  but  also  presence  of 
separations,  contamination,  cosmetic  appearance,  and  other  visual  quality 
assessment.  The  ability  of  the  ADRIS  to  emulate  these  aspects  of  the  peel- 
strength  test  is  discussed  in  the  following  sections. 

5.2.1  Adhesive  Strength  Estimation.  If  the  ADRIS  is  to  effectively 
replace  the  present  peel-strength  test,  it  must  obviously  be  able  to 
predict  the  adhesive  strength  of  the  roadwheel  rubber-to-metal  bond  at 
least  as  well  as  the  peel  test  does.  Therefore,  the  principal  task  of  the 
field  test  was  to  measure  the  correlation  of  the  peel  test  strength 
measurements  with  one  or  more  of  the  ADRIS  outputs  to  find  which  output 
yielded  the  best  prediction  and  to  assess  the  reliability  and  accuracy  of 
the  prediction. 

As  performed  at  the  RRAD  roadwheel  facility,  the  peel-strength  test 
comprised  a  preparation  phase,  a  pull  phase,  and  an  assessment  phase. 

During  the  preparation  phase,  approximately  8  inches  in  length  of  rubber 
tread  is  cut  away  from  the  metal  hub  to  serve  as  a  leader  for  the  adhesion 
test  machine  to  grip.  Guide  slits  are  also  cut  at  this  time  along  the 
rubber-to-metal  interface  around  the  entire  circumference  on  both  sides  of 
the  wheel.  The  pull  phase  is  the  actual  tearing  of  the  rubber-to-metal 
bond  while  the  load  on  the  tearing  mechanism  is  recorded.  During  this 
phase,  quality  assurance  personnel  monitor  the  path  of  the  tear  interface 
and  keep  it  close  to  the  rubber-to-metal  interface  by  judicious  cutting  and 
trimming  of  the  rubber.  During  the  assessment  phase,  personnel  inspect  the 
exposed  interface  for  visual  defects,  record  the  maximum  and  minimum  peel 
strengths  obtained,  and  decide  the  quality  of  the  wheel (  and  by  inference, 
its  source  lot). 

Attempts  to  directly  correlate  ADRIS  output  with  peel-strength  as  measured 
in  production  at  RRAD  can  be  misleading  because  the  peel-strength  record 
includes  those  times  when  the  tear  was  advancing  away  from  the  rubber-to- 
metal  interface  into  the  rubber  tread.  During  such  times,  quality 
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Table  5-1.  Roadwheel  Population  Summary 


INTERCEPTED  PURCHASED  NONINTERCEPTED 


24 

in. 

by 

2.12  in. 

21 

2 

— 

24 

in. 

by 

2-1/8  in. 

46 

1 

65 

24 

in. 

by 

3-3/4  in. 

3 

2 

15 

26 

in. 

by 

5-3/4  in. 

32 

7 

68 

26 

in. 

by 

6  in. 

41 

11 

53 

Total 

143 

23 

201 
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assurance  personnel  are  attempting  to  guide  the  tear  back  to  the  rubber-to- 
metal  interface  by  heavy  cutting  and  recorded  peel-strength  typically 
increases.  As  a  consequence,  the  self-adhesion  of  the  tread  rubber  is 
being  measured,  not  the  rubber-to-metal  bond  strength,  which  is  what  we  are 
attempting  to  correlate  with  ADRIS  output.  Figure  5-1  demonstrates  the 
effect  of  this  situation  on  a  typical  peel  test  record.  The  jagged  profile 
of  those  areas  marked  as  "cutting"  is  caused  by  the  slow  increases  and 
sudden  releases  of  load  as  the  tear  wanders  away  from  the  interface  and  is 
guided  back  by  the  inspectors.  To  circumvent  this  problem,  only  that  ADRIS 
output  acquired  during  times  of  peel-strength  testing  when  the  tear  ran 
along  the  rubber-to-metal  bond(i.e.,  periods  of  no  cutting)  was  used  for 
correlations. 

Listings  of  acquired  data  so  selected  are  presented  in  the  Addendum  for  the 
five  sizes  of  roadwheel  inspected.  Due  to  this  selection  process,  only 
about  22  percent  of  the  acquired  ADRIS  output  remained  to  be  correlated. 
This  data  was  subjected  to  three  types  of  analysis.  One  type  was  a  simple 
correlation  of  average  peel-strength  with  average  ADRIS  output  for  each 
roadwheel  size.  Another  type  was  correlation  by  least  squares  linear 
regression  of  peel-strength  against  ADRIS  output.  The  third  type  was 
correlation  of  peel-strength  failure  with  a  specific  pattern  of  ADRIS 
output  amplitude  and  spatial  extent. 

5. 2. 1.1  Correlation  of  averages.  For  this  type  of  correlation,  the  average 
measured  peel-strength,  average  ADRIS  estimated  adhesion,  and  average  ADRIS 
broadband  reflection  amplitude  was  computed  for  all  the  roadwheel s  of  a 
given  size  for  the  sizes  of  24  in  by  2.12  in.,  24  in.  by  2-1/8  in.,  24  in. 
by  3-3/4  in.,  26  in.  by  5-3/4  in.,  and  26  in.  by  6  in..  Figure  5-2  shows 
the  resulting  trends.  Included  in  Figure  5-2  are  points  representing 
adhesion  acceptances  and  adhesion  failures  within  the  24  in.  by  2-1/8  in. 
roadwheel  size  group.  The  averages  for  the  24  in.  by  2.12  in.  and  24  in. 
by  2-1/8  in.  roadwheels  (including  accept/reject  subcategories)  appear  to 
lie  along  a  common  line  expressed  by  the  equation: 

M  =  0.514  *  E  +  20.6  Equation  5-1 

where  M  is  the  measured  peel-strength  in  lbs. 

E  is  the  ADRIS-estimated  adhesion  in  lbs. 

A  surprising  observation  is  that  the  24  in.  by  3-3/4  in.  roadwheel  averages 
appear  to  lie  on  this  same  line.  Because  the  ADRIS  monitors  the  roadwheels 
through  a  window  of  constant  aperture,  its  report  of  bond  strength  is  that 
of  an  adhesion  for  a  given  area,  or  an  adhesion  density.  The  peel  test,  on 
the  other  hand,  records  the  roadwheel  bond  strength  as  integrated  across 
the  width  of  the  wheel,  or  an  absolute  adhesion.  To  properly  correlate 
estimated  adhesion  with  measured  adhesion,  one  must  be  normalized  to  the 
other  by  taking  account  of  the  relevant  tread  width.  Since  this  is  not 
done  by  the  ADRIS,  it  would  be  expected  that  the  24  in  by  3-3/4  in. 
roadwheel  average  measured  adhesion  would  be  1.76  (=  3.75/2.125)  times 
larger  than  given  in  Figure  5-2. 
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Figure  5-2  Measured  Adhesion  vs.  ADRIS  Estimate  Averaged 
by  Roadwheel  Size 
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One  possible  explanation  for  the  colinearity  of  24  in  by  3-3/4  in. 
roadwheel  averages  with  other  24-inch-diameter  roadwheel  averages  is  that 
the  24  in.  by  3-3/4  in.  rubber-to-metal  bonding  is  intrinsically  weaker 
than  that  of  the  other  24-inch-diameter  wheels.  The  greater  tread  width 
then  brings  the  integrated  adhesion  up  to  that  of  the  other  size  wheels. 

If  this  is  the  case,  the  average  intrinsic  bond  would  not  be  expected  to 
vary  without  creating  a  severe  disruption  of  production,  and  predictable 
correlation  could  be  achieved  by  treating  24  in.  by  3-3/4  in.  estimates  as 
if  they  were  24  in  by  2.12  in.  or  24  in.  by  2-1/8  in.  estimates  and 
transforming  each  by  Equation  5-1  to  predict  adhesion. 

Another  possible  cause  for  colinearity  of  the  24-inch-diameter  roadwheel 
averages  would  be  that  the  adhesion  estimation  relations  developed  using  26 
in.  by  5-3/4  in.  roadwheel  data  (presented  in  par.  5.1.1)  are  not  valid  for 
estimating  24  in.  by  3-3/4  in.  or  other  24-inch-diameter  roadwheel  bond 
strength.  In  fact,  they  may  be  overestimating  24  in.  by  3-3/4  in.  bond 
strength  or  underestimating  24  in.  by  2.12  in.  and  24  in.  by  2-1/8  in. 
bond  strength.  If  this  is  the  case,  the  relations  must  be  modified.  The 
simplest  modification  which  would  achieve  the  desired  goal  would  be  to 
transform  each  relation  by  using  Equation  5-1  as  was  discussed  above. 

A  third  possible  cause  of  the  24  in.  by  3-3/4  in.  roadwheel  averages 
falling  on  a  line  common  to  other  24-inch-diameter  roadwheel  averages  could 
be  that  the  ADRIS  is  scanning  through  tread  rubber  of  differing  acoustic 
attenuation.  This  possibility  was  investigated  using  tread  left  over  from 
peel  tests  and,  although  24  in.  by  3-3/4  in.  tread  rubber  was  found  to  be 
spectrally  different  from  other  24-inch  roadwheel  tread  rubber,  no  signifi¬ 
cant  differences  in  attenuation  were  measured. 

If  the  observation  of  colinearity  among  the  24-inch-diameter  roadwheel 
averaged  adhesions  was  a  surprise,  the  appearance  in  Figure  5-2  of  a 
distinct  cluster  of  higher  averaged  adhesions  for  the  26-inch-diameter 
roadwheels  was  expected.  It  is  presumed  that  the  average  measured  and 
average  estimated  adhesions  will,  as  was  found  for  24-inch-diameter  road¬ 
wheel  averages,  correlate  near  the  zero  values.  Consequently,  the 
equations  expressing  these  simple  trends  are  approximately: 

M  =  0.776  *  E  26  in.  by  5-3/4  in.  Equation  5-  2 

M  =  0.928  *  E  26  in.  by  6  in.  Equation  5-  3 

where  M  is  the  measured  peel-strength  in  lbs. 

E  is  the  ADRIS-estimated  adhesion  in  lbs. 

Note  that  the  relation  expressing  26  in.  by  6  in.  roadwheel  averages 
(Equation  5-3)  comes  the  closest  to  the  estimation  prediction  ideal  of  a 
1:1  ratio  between  estimated  and  measured  adhesion  averages.  If  this  is 
used  as  a  benchmark  relation,  then  it  should  be  expected  that  the  slope  of 
the  26  in.  by  5-3/4  in.  relation  should  be  (5.75/6)  *  0.928  or  0.889  in 
value.  This  is  quite  different  from  the  0.776  implied  by  Figure  5-2.  By 
similar  calculations,  it  can  be  shown  that  the  differences  in  the  relations 
expressing  24  in.  by  3-3/4  in.  and  26  in.  by  5-3/4  in.  roadwheel  averages 
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are  accountable  simply  by  the  differences  in  their  tread  widths.  This  is 
not  true  for  the  26  in.  by  6  in.  or  for  the  24  in.  by  2-1/8  in.  roadwheel 
averages.  Their  differences,  with  respect  to  the  averages  of  other  road- 
wheel  sizes  and  with  respect  to  each  other,  cannot  be  accounted  for  simply 
by  their  differences  in  tread  width. 

As  discussed  above,  one  explanation  for  the  measured  adhesion  strength 
differences  of  roadwheels  not  being  proportional  to  their  tread  width 
differences  is  that  the  intrinsic  rubber-to-metal  bonding  is  not  identical. 
This  hypothesis  is  not  so  attractive  when  considered  for  more  than  two 
groups  of  roadwheels.  The  fabrication  processes  used  at  RRAD  are  not  that 
varied.  It  is  known  that  two  types  of  tread  rubber  are  utilized  —  type 
"B"  for  24  in.  by  2.12  in.  and  24  in.  by  2-1/8  in.  and  type  "A"  for  all 
others.  This  can  conveniently  be  invoked  to  explain  the  colinearity  of  the 
24-inch-diameter  roadwheel  measured  and  estimated  adhesion  averages,  but 
since  the  26  in.  by  6  in.  and  24  in.  by  3-3/4  in.  roadwheels  are  built  with 
a  common  tread  rubber  type,  this  cannot  account  for  their  observed 
differences. 

The  other  possible  cause  for  the  observed  differences  as  discussed  above  is 
that  the  adhesion  estimation  relations  developed  using  26  in.  by  5-3/4  in. 
roadwheel  data  (presented  in  par.  5.1.1)  are  not  valid  for  estimating  26 
in.  by  6  in.  roadwheel  bond  strength.  If  this  is  the  case,  the  relations 
must  be  modified.  The  simplest  modification  which  would  achieve  the 
desired  goal  would  be  to  transform  each  relation  by  using  Equation  5-1  as 
was  discussed  above.  However,  because  the  observed  trends  associated  with 
the  larger  diameter  roadwheels  are  not  very  securely  established,  and 
because  there  is  such  a  large  degree  of  variability  of  the  averages,  the 
question  of  to  what  the  estimation  relations  should  be  transformed  remains 
unanswered.  A  more  precise  type  of  correlation  technique  is  attempted  to 
establish  this. 

5. 2. 1.2  Correlation  of  least  squares  linear  regression.  For  this  type  of 
correlation,  the  point-by-point  measured  peel-strength,  ADRIS-estimated 
adhesion,  and  ADRIS  broadband  reflection  amplitude  and  frequency  ratios 
were  computed  for  all  the  roadwheels  of  a  given  size  for  the  sizes  of  24 
in.  by  2.12  in.,  24  in.  by  2-1/8  in.,  24  in.  by  3-3/4  in.,  26  in.  by  5-3/4 
in.,  and  26  in.  by  6  in..  Figures  5-3  through  5-7  show  the  scatter  plots 
of  measured  peel-strength  against  ADRIS-estimated  adhesion  for  the  five 
roadwheel  sizes.  On  the  basis  of  scatter  plots,  only  the  24  in.  by  2-1/8 
in.  roadwheels  show  any  trend  at  all.  This  is  because  the  three  adhesion 
failures  observed  occurred  in  wheels  of  this  size.  The  scatter  among  24 
in.  by  2-1/8  in.  roadwheel  estimates  does  not  appear  to  be  any  less  than 
among  other  roadwheel  sizes. 

To  quantify  these  results,  least  squares  linear  regression  was  applied  to 
each  size  of  roadwheel.  The  results  are  summarized  in  Table  5-2.  It  can  be 
seen  that  trends  do  exist  by  which  adhesion  can  be  predicted  by  the  ADRIS 
broadband  and  estimated  adhesion  outputs.  The  regressed  linear  relations 
bear  no  relation  at  all  to  the  linear  relations  derived  from  the  averages 
of  measured  and  ADRIS-estimated  adhesion  described  in  par.  5. 2. 1.1.  The 
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Figure  5-3.  Measured  Adhesion  vs.  ADRIS  Parameter 
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Figure  5-5.  Measured  Adhesion  vs.  ADRIS  Parameter 
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Figure  5-7.  Measured  Adhesion  vs.  ADRIS  Parameter 
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Table  5-2.  Regression  by  Roadwheel  Size 


24  in.  by  2.12  in. 
24  in.  by  2-1/8  in. 
24  in.  by  3-3/4  in. 
26  in.  by  5-3/4  in. 
26  in.  by  6  in. 


COEFFICIENT 

OF 

CORRELATION 

-0.034  M  = 

0.440  M  = 

0.552  M  = 

-0.776  M  = 

0.020  M  = 

(a.)  Estimation 


REGRESSION 

LINE 

-0.016  *  E  +  544.9 
0.203  *  E  +  301.0 
0.537  *  E  +  4.3 

-0.620  *  E  +  1060.6 
0.024  *  E  +  655.9 


24  in.  by  2.12  in. 
24  in.  by  2-1/8  in. 
24  in.  by  3-3/4  in. 
26  in.  by  5-3/4  in. 
26  in.  by  6  in. 


-0.190  M 
0.542  M 
0.461  M 
-0.087  M 
0.096  M 

(b. )  BroadBand 


=  -2.989  *  B  +  725.9 
=  4.074  *  B  +  224.5 
=  5.588  *  B+  76.9 
=  -1.437  *  B  +  665.5 
=  1.561  *  B  +  587.9 
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best  coefficient  of  correlation  is  associated  with  the  behavior  of  26  in. 
by  5-3/4  in.  roadwheels  and  it  is  a  negative  coefficient  of  unpromising  low 
value.  The  regression  line  has  a  negative  slope.  This  result  is  at  such 
variance  with  expectations  that  the  data  was  examined  in  more  detail  to 
discover  the  cause.  Within  each  size  category,  roadwheels  were  further 
classified  according  to  the  slope  of  their  relation  between  measured 
adhesion  and  an  ADRIS  output.  As  would  be  expected,  this  tended  to  reduce 
scatter  and  led  to  better  correlations. 

To  further  quantify  these  results,  least  squares  linear  regressions  were 
applied  to  that  class  of  each  size  of  roadwheel  that  exhibited  the  least 
scatter  in  the  adhesion  vs.  broadband  amplitude  relation  (such  relations 
typically  had  less  scatter  than  the  associated  adhesion  vs.  estimate 
relations).  These  results  are  exhibited  in  Figures  5-8  through  5-12  and 
summarized  in  Table  5-3.  Trends  continue  to  exist  by  which  adhesion  can  be 
predicted  by  one  acquired  and  one  derived  ADRIS  output.  Except  for  24  in. 
by  3-3/4  in.  roadwheels,  the  regressed  linear  relations  continue  to  bear  no 
relation  at  all  to  the  linear  relations  derived  from  the  averages  of 
measured  and  ADRIS-estimated  adhesion  described  in  par.  5. 2. 1.1.  However, 
the  best  coefficient  of  correlation  is  associated  with  the  behavior  of  26 
in.  by  5-3/4  in.  roadwheels  and  it  is  now  a  positive  coefficient.  No 
reason  could  be  found  why  these  subcategories  existed.  During  the  field 
test,  parameters  associated  with  Supply  Quality  Control  (SQC)  number, 
rubber  quality,  fabrication  procedure,  and  even  peel-test  mechanics  were 
identified  and  recorded.  None  could  reliably  be  associated  with  the 
existence  of  distinct  subclasses  of  ultrasonic  adhesion  behavior  within 
roadwheel  size  groups.  The  best  coefficient  of  correlation  was  found  to  be 
no  larger  than  0.80,  signifying  a  low  level  of  confidence  in  being  able  to 
use  the  regression  line  to  predict  adhesion  on  a  wheel -by-wheel  or  point- 
by-point  basis. 

The  fact  that  trends  do  exist  relating  ADRIS  output  to  roadwheel  adhesive 
strength  implies,  in  spite  of  the  poor  degree  of  correlation,  that  there  is 
an  ultrasonic  foundation  upon  which  adhesion  can  be  estimated.  The  selec¬ 
tion  mechanism  for  correctable  data  described  in  the  introduction  of  par. 
5.2.1  has  probably  been  insufficient  to  overcome  the  variability  inherent 
in  the  mechanics  of  the  destructive  peel  test.  The  measuring  of  adhesion 
as  the  entire  width  of  the  roadwheel  tread  is  pulled  away  from  the  hub 
cannot  easily  be  correlated  with  the  intrinsically  localized  readings  of 
the  ADRIS.  Also,  until  the  independent  variable  of  the  peel  test  is  linked 
directly  to  the  circumferential  motion  of  the  roadwheel,  instead  of  being 
inferred  from  the  time  base  as  it  has  been  in  this  study,  the  correlation 
of  ADRIS  output  with  peel-strength  can  never  be  the  best.  In  an  attempt  to 
bypass  these  limitations  and  to  realize  the  goal  of  this  project,  a  more 
detailed,  less  computerized  type  of  correlation  analysis  was  attempted. 

5. 2. 1.3  Correlation  of  patterns.  For  this  type  of  correlation,  the 
measured  peel-strength  records  and  ADRIS  printouts  were  manually  examined 
for  the  existence  of  some  unique  pattern  of  broadband  or  frequency  ratio 
behavior  with  respect  to  circumferential  sampling  which  correlated  reliably 
with  the  existence  of  peel-strength  test  rejection  caused  by  failure  of 
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(a)  Adhesion  vs.  Estimate 


(b)  Adhesion  vs.  Broadband  Amplitude 

Figure  5-8.  Predicted  Adhesion  vs.  ADRIS  Parameter 
Regression  24  x  2.12  Class  I 
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(a)  Adhesion  vs.  Estimate 


(b)  Adhesion  vs.  Broadband  Amplitude 


Figure  5-9.  Predicted  Adhesion  vs.  ADRIS  Parameter 
Regression  24  x  2.125  Class  I 
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(a)  Adhesion  vs.  Estimate 
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(b)  Adhesion  vs.  Broadband  Amplitude 

Figure  5-10.  Predicted  Adhesion  vs.  ADRIS  Parameter 
Regression  24  x  3.75 
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(a)  Adhesion  vs.  Estimate 
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(b)  Adhesion  vs.  Broadband  Amplitude 


Figure  5-11.  Predicted  Adhesion  vs.  ADRIS  Parameter 
Regression  26  x  5.75  Class  I 
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(a)  Adhesion  vs.  Estimate 


(b)  Adhesion  vs.  Broadband  Amplitude 

Figure  5-12.  Predicted  Adhesion  vs.  ADRIS  Parameter 
Regression  26  x  6  Class  I 
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Table  5-3.  Regression  by  "Class  I"  Roadwheel  Size 


COEFFICIENT 

OF  REGRESSION 

SIZE  CORRELATION  LINE 

221.7 
165.0 
4.3 
243.6 
241.3 

(a.)  Estimation 


24 

in.  by  2.12  in. 

0.070 

M  = 

0.289  *  E  + 

24 

in.  by  2-1/8  in. 

0.675 

M  = 

0.386  *  E  + 

24 

in.  by  3-3/4  in. 

0.552 

M  = 

0.537  *  E  + 

26 

in.  by  5-3/4  in. 

0.803 

M  = 

1.034  *  E  - 

26 

in.  bv  6  in. 

0.223 

M  = 

0.362  *  E  + 

24 

in. 

by  2.12  in. 

0.012 

M  =  0.290  *  B  + 

473.0 

24 

in. 

by  2-1/8  in. 

0.655 

M  =  5.249  *  B  + 

171.9 

24 

in. 

by  3-3/4  in. 

0.461 

M  =  5.588  *  B  + 

76.9 

26 

in. 

by  5-3/4  in. 

0.766 

M  =  10.193  *  B  + 

0.6 

26 

in. 

by  6  in. 

0.2/9 

M  =  3.832  *  B  + 

317.5 

(b.)  BroadBand 


adhesive  strength.  In  the  time  period  of  this  field  test,  only  three 
roadwheels  inspected  by  the  ADRIS  failed  due  to  adhesion  failure.  Two  of 
these  wheels  were  deliberately  made  to  possess  low  bond  strength,  but  the 
third  was  a  "natural"  adhesion  failure  drawn  from  a  production  sample.  A 
pattern  of  ultrasonic  activity  was  found  common  to  all  these  failures. 

This  pattern  was  the  presence  of  broadband  amplitude  less  than  a  value  of 
40  for  a  contiguous  circumferential  extent  equal  to  or  greater  than  7.5 
inches  (  or  36°  of  arc).  Figures  5-13,  5-14,  and  5-15  show  these  patterns 
which  predict  adhesion  failure.  Implementing  a  filter  for  this  pattern  in 
the  ADRIS  will  require  programming  a  Test  B  analog  for  the  broadband 
channel  with  support  algorithms. 

5.2.2  Separation  Detection.  If  the  ADRIS  is  to  effectively  replace  the 
present  peel-strength  test,  in  addition  to  being  able  to  predict  the 
adhesive  strength  of  the  roadwheel  rubber-to-metal  bond  as  measured  by  the 
peel  test,  it  must  be  able  to  detect  the  presence  of  rejectable  separations 
in  the  rubber-to-metal  interface  as  well  as  the  quality  assurance  personnel 
do.  Thus,  the  secondary  task  of  the  field  test  was  to  correlate  the  peel 
test  separation  discoveries  with  one  or  more  of  the  ADRIS  outputs  to  find 
which  output  yielded  the  best  separation  detection  and  to  assess  the  relia¬ 
bility  and  accuracy  of  the  detection. 

As  illustrated  in  Table  5-4,  no  ADRIS  output  provided  a  usable  separation 
detection  capability.  The  average  percentage  of  separations  detected  was 
40  percent  with  the  larger  diameter  roadwheels  having  the  larger  percentage 
of  detection.  The  circumstances  under  which  separations  were  detected  when 
they  were  detected  reveals  possible  explanations  for  why  the  detection  rate 
was  so  low  and  yields  implications  for  ADRIS  design  to  increase  the  detec¬ 
tion  rate.  Figures  5-16  and  5-17  show  the  ADRIS  broadband  indication  for 
the  most  unambiguous  detections  of  separations.  The  RRAD  quality  assurance 
personnel  referred  to  these  as  "trapped  air"  pockets.  Each  was  a  large 
diameter  separation  (0.75  inches  or  larger)  and  each  was  positioned  such 
that  it  passed  under  the  beam  of  the  ultrasonic  transducer  during  inspec¬ 
tion.  Invariably,  ultrasonical ly  undetected  separations  were  smaller  in 
diameter  than  0.75  inches  or  did  not  pass  under  the  transducer  or  both. 
Figure  5-18  illustrates  the  interesting  case  of  a  1 -inch-diameter  separa¬ 
tion  located  at  210°  on  the  circumference  which,  being  on  the  midline, 
passed  between  the  beams  of  a  twin  transducer  configuration.  Nevertheless, 
its  diameter  was  sufficient  enough  to  cause  it  to  register  in  one  or  both 
transducers  and  thus  be  detected. 

These  results  imply  that  the  rate  of  ADRIS-detected  separations  can  be 
increased  by  the  appropriate  modification  of  ADRIS  configuration  and 
firmware.  The  first  modification  necessary  is  one  that  allows  ultrasonic 
scanning  of  the  entire  roadwheel  tread.  The  present  ADRIS  configuration 
limits  scanning  to  one  or  two  parallel  bands  each  of  1-inch  width  around 
the  roadwheel  circumference.  Incorporation  of  a  linear  array  of  trans¬ 
ducers  will  permit  complete  coverage  of  the  roadwheel  with  the  guarantee 
that  any  separations  will  fall  within  an  ultrasonic  beam  sometime  during 
the  inspection.  Such  a  modification  will  require  reprogramming  of  the 
present  system  to  treat  each  transducer  as  an  independent  channel  of  input. 
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(a)  Broadband  Amplitude  vs.  Circumference 


(b)  Spectral  Activity  vs.  Circumference 


Figure  5-13. 


Jdhesion  failure  between 
loo  and  180  Circumference  in  24  x  2 
Roadwheel  F620740  'idb 


32 


Frequency  Ratios  Broad  Band  Amplitude 


i)  Broadband  Amplitude  vs.  Circumference 


ClneumfsrsnHal  Angl* 

+  270//B8  «  370/BB  x  500/BB 


(b)  Spectral 
Figure  5-14. 


Activity  vs.  Circumference 

ADRIS  Indication  of  Adhesion  Failure  near  90° 
Circumference  in  24  x  2.125  Roadwheel  F620741 
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Brood  Band  Amplfruda 


(a)  Broadband  Amplitude  vs.  Circumference 
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(b)  Spectral  Activity  vs.  Circumference 


Figure  5-15.  ADRIS  Indication  of  Adhesion  Failure  between 
90°  and  270°  Circumference  in  24  x  2.125 
Roadwheel  B66339 
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Table  5-4.  Summary  of  ADRIS  Separation  Detection 


SEPARATIONS  SEPARATIONS  SEPARATIONS 
SIZE  DETECTED  MISSED  OVERCALLED 


24  in.  by  2.12  in.  2 
24  in.  by  2-1/8  in.  5 
24  in.  by  3-3/4  in.  0 
26  in.  by  5-3/4  in.  2 
26  in.  by  6  in.  5 


2 

10 

0 

2 

5 


1 

2 

0 

6 

13 
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(a)  Measured  Adhesion  vs.  Circumferance 


BroadBand  Trend 

28  x  5.75  C6979S 
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(b)  Broadband  Amplitude  vs.  Circumference 

Fogire  5-16.  ADRIS  Indication  of  Separation  near  205° 

Circumference  in  26  x  5.75  Roadwheel  C69795 
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Brood  Band  Amplitude 


(a)  Measured  Adhesion  vs.  Circumference 
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(b)  Broadband  Amplitude  vs.  Circumference 


Figure  5-17 


ADRIS  Indication  of  Separation  near  150° 
Circumference  in  26  x  5.75  Roadwheel  C69796 
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CtraumUrmHal  Anpl* 


(b)  Broadband  Amplitude  vs.  Circumference 


Figure  5-18.  ADRIS  Indication  of  Separation  near  210° 
Circumference  in  26  x  6  Roadwheel  F619408 


38 


As  discussed  in  par.  5.2.1,  averaging  of  data  among  the  transducers  does 
not  affect  the  ability  of  the  ADRIS  to  predict  rejectable  adhesion,  but  it 
may  affect  the  detection  of  separations,  especially  if  more  than  two  trans¬ 
ducers  are  used.  Therefore,  the  controlling  microcomputer  must  process 
acquisitions  for  separation  detection  as  independent  channels.  This  will 
place  such  an  extra  computational  load  on  the  present  microprocessor 
hardware  that  the  required  inspection  time  may  have  to  be  increased  almost 
proportionally,  or  a  faster  microprocessor  family  will  have  to  be 
installed. 

In  addition  to  implementing  a  linear  transducer  array  for  separation 
detection,  the  diameter  of  each  transducer  beam  will  have  to  be  made 
smaller  to  increase  the  resolution  of  the  inspection.  RRAD  peel  test 
requirements  presently  reject  roadwheel  lots  on  the  detection  of  separa¬ 
tion^)  of  an  apparent  diameter  of  0.125  inch  or  larger.  Thus,  the  ADRIS 
must  be  able  to  resolve  to  this  size.  As  presently  configured,  the  ADRIS 
acquires  ultrasonic  reflection  data  from  an  area  approximately  the  diameter 
of  1  inch  for  each  pulse.  As  a  consequence,  any  separation  of  0.125  inch 
diameter  reflecting  a  fraction  s  of  well-bonded  ultrasonic  energy  N  will 
cause  the  acquired  signal  to  be  reduced  by  a  factor: 

63  s 

—  *  N  +  —  *  N 

64  64 

Thus,  if  the  separation  is  reflecting  a  fraction  very  nearly  zero,  the 
resulting  amplitude  of  the  entire  acquired  signal  would  only  be  0.984,  an 
insignificant  reduction.  Such  a  separation  would  almost  certainly  go 
undetected.  However,  as  the  effective  transducer  beam  width  approaches  the 
width  of  the  minimum  rejectable  separation,  a  greater  fraction  of  the 
separation's  signature  weights  the  acquisition  aperture  and  the  net 
signature  increases  in  significance,  increasing  detection 
probability. 

Another  firmware  modification  required  will  be  that  supporting  a  higher 
resolution  in  the  averaging  of  acquired  input  to  produce  sampled  values. 

The  present  computation  of  samples  yields  a  maximum  resolution  of  0.754 
inch  to  0.817  inch  around  the  circumference  for  24  and  26-inch-diameter 
diameter  roadwheels  respectively.  If  it  is  desired  to  detect  separations 
of  diameter  as  small  as  0.125  inch,  the  computation  of  averages  must  not 
extend  beyond  this  limit.  This  sixfold  increase  in  samples  will  place  even 
heavier  loads  on  the  microcomputer's  computational  and  memory  resources. 

It  is  estimated  that  present  address  availability  is  insufficient  for  such 
expansion  and  that  a  more  powerful  microprocessor  family  will  have  to  be 
incorporated. 

5.2.3  Cosmetic  Fault  Detection.  If  the  ADRIS  is  required  to  replace  the 
present  peel-strength  test,  in  addition  to  being  able  to  predict  the 
adhesive  strength  of  the  roadwheel  rubber-to-metal  bond  as  measured  by  the 
peel  test  and  to  detect  the  presence  of  rejectable  separations  in  the 
rubber-to-metal  interface  as  well  as  the  quality  assurance  personnel  do,  it 
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may  also  be  required  to  detect  the  so-called  "cosmetic  faults."  These  are 
typi ca 1 1 y  contami nation  of  the  bond  interface  by  foreign  material,  poor 
joining  of  the  rubber  tread  splice,  and  other  instances  of  poor  fitting  or 
workmanship  revealable  only  upon  destructive  testing  of  the  roadwheel. 
uuring  this  field  test,  no  evidence  was  found  to  suggest  that  the  ADRiS 
could  detect  any  of  these  conditions.  However,  it  is  possible  that  perfor¬ 
mance  in  this  area  could  be  improved  by  incorporation  of  the  modifications 
discussed  in  par.  5.2.2  to  increase  the  resolution  of  the  ADRIS  to  detect 
the  presence  of  separations. 
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ADDENDUM 


Sizes  24  X  2.12  Comments:  Data  extracted  from  regions 

exhibiting  smooth  adhesion  pul  1 . 


NORM. 


ANGLE  PHASE 

1NCLU 

270  K 

370  K 

500  K 

BROAD 

BAND 

270/ 

BBAND 

370/ 

BBAND 

500/ 

BBAND 

EST. 

PEEL 

ME  AS.  1 
PEEL 

EST. 

PEEL 

E6 14077 
11S 

l 

11 

0 

11 

23 

22 

69 

0.  17 

0.34 

0.32 

946 

450 

349 

119 

11 

0 

11 

23 

22 

63 

0. 18 

0.37 

0.35 

934 

450 

344 
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11 

0 

11 

23 

23 

63 

0. 18 

0.37 

0.36 

939 

460 

346 
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11 

0 

12 

23 

22 

64 

0. 18 

0.37 

0.35 
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460 
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11 
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12 

23 

22 

63 
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0.37 

0.35 
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11 

0 

12 

24 

22 

64 
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0.37 

0.35 
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11 

0 

13 

24 

22 

63 

0.20 

0.37 

0.35 

934 
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344 
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11 

0 

14 

24 

22 

64 

0.22 

0.37 

0.35 

941 
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11 

0 

13 

23 

22 

64 

0.20 

0.36 

0.34 

938 

450 
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11 

0 

14 

24 

22 

66 
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0.36 

0.33 
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11 
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24 

22 
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22 
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24 

22 
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11 
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24 

22 
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11 

0 

13 

24 

23 

65 
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0.36 

0.35 

946 
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11 

0 

13 

24 

23 

64 
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0.37 

0.36 

942 
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347 

173 

11 

0 

13 

24 

23 

65 

0.20 

0.36 

0.35 

944 
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11 

0 

13 

23 

22 

65 

0.20 

0.36 

0.35 
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11 

0 

13 

24 

22 

69 
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0.35 

0.33 
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11 

0 

13 

23 

23 
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0.36 
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187 

11 

0 

13 

24 

22 

65 
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0.34 
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22 
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22 
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0.43 

0.32 

886 

715 

886 

151 

0 

0 

19 

28 

20 

66 

0.29 

0.43 

0.31 

878 

715 

878 

155 

0 

0 

19 

27 

20 

65 

0.29 

0.42 

0.31 

877 

715 

877 

158 

0 

0 

19 

28 

20 

65 

0.30 

0.43 

0.31 

868 

720 

868 

162 

0 

0 

19 

28 

20 

65 

0.29 

0.42 

0.31 

872 

720 

872 

166 

0 

0 

19 

28 

20 

65 

0.29 

0.43 

0.30 

859 

710 

859 

169 

0 

0 

19 

28 

20 

66 

0.29 

0.42 

0.31 

879 

705 

879 

173 

0 

0 

20 

27 

21 

66 

0.30 

0.42 

0.32 

891 

705 

891 

176 

0 

0 

19 

28 

21 

66 

0.29 

0.43 

0.32 

881 

705 

881 

B65490  * 

90 

0 

0 

19 

19 

14 

53 

0.36 

0.36 

0.26 

732 

480 

732 

94 

0 

0 

19 

19 

14 

53 

0.36 

0.36 

0.26 

731 

480 

731 

97 

0 

0 

19 

19 

14 

53 

0.37 

0.35 

0.26 

726 

480 

726 

101 

0 

0 

19 

19 

13 

53 

0.35 

0.36 

0. 25 

725 

480 

725 

104 

0 

0 

19 

19 

13 

53 

0.36 

0.36 

0.25 

722 

480 

722 

108 

0 

0 

18 

19 

14 

53 

0.35 

0.36 

0.27 

746 

480 

746 

112 

0 

0 

19 

19 

15 

55 

0.35 

0.35 

0.27 

758 

480 

758 

115 

0 

0 

19 

19 

14 

53 

0.35 

0.36 

0.27 

752 

480 

752 

NORM. 
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119 

0 

0 

18 

18 

14 

122 

0 

0 

18 

18 

14 

126 

0 

0 

18 

18 

13 

130 

0 

0 

17 

19 

14 

133 

0 

0 

18 

19 

14 

137 

0 

0 

19 

19 

14 

140 

0 

0 

18 

19 

14 

144 

0 

0 

18 

19 

15 

148 

0 

0 

18 

19 

15 

151 

0 

0 

19 

20 

15 

155 

0 

0 

19 

21 

16 

158 

0 

0 

19 

21 

15 

162 

0 

0 

18 

20 

15 

166 

0 

0 

18 

20 

15 

169 

0 

0 

17 

18 

14 

173 

0 

0 

17 

18 

14 

176 

0 

0 

16 

18 

15 

180 

0 

0 

16 

19 

15 

184 

0 

0 

16 

18 

15 

187 

0 

0 

16 

18 

15 

191 

0 

0 

16 

17 

15 

194 

0 

0 

15 

17 

14 

198 

0 

0 

15 

17 

13 

202 

0 

0 

16 

17 

13 

205 

0 

0 

16 

17 

14 

209 

0 

0 

16 

17 

15 

212 

0 

0 

17 

17 

15 

216 

0 

0 

17 

18 

15 

220 

0 

0 

17 

17 

15 

223 

0 

0 

17 

18 

15 

227 

0 

0 

18 

19 

15 

230 

0 

0 

15 

18 

15 

234 

0 

0 

18 

17 

14 

238 

0 

0 

18 

20 

15 

241 

0 

0 

19 

20 

15 

245 

0 

0 

19 

20 

16 

248 

0 

0 

19 

21 

16 

252 

0 

0 

19 

20 

16 

256 

0 

0 

19 

20 

16 

259 

0 

0 

18 

20 

16 

263 

0 

0 

18 

19 

16 

266 

0 

0 

19 

20 

16 

270 

0 

0 

20 

22 

16 

274 

B65491  * 

0 

0 

20 

22 

16 

130 

0 

0 

19 

22 

15 

133 

0 

0 

16 

18 

12 

137 

0 

0 

17 

19 

13 

140 

0 

0 

18 

21 

15 

144 

0 

0 

14 

17 

11 

148 

0 

0 

16 

19 

12 

151 

0 

0 

16 

18 

12 

155 

0 

0 

19 

23 

16 

158 

0 

0 

20 

22 

16 

53 

0. 35 

0.37 

0.27 

745 

480 

745 

53 

0.33 

0.36 

0.26 

736 

480 

736 

51 

0.34 

0.35 

0.26 

717 

420 

717 

52 

0.34 

0.35 

0.26 

722 

420 

722 

51 

0.35 

0.36 

0.28 

735 

420 

735 

53 

0.35 

0.36 

0.27 

747 

420 

747 

52 

0.34 

0.36 

0.27 

743 

420 

743 

53 

0.35 

0.36 

0.28 

757 

420 

757 

54 

0.34 

0.36 

0.28 

767 

420 

767 

54 

0.35 

0.37 

0.28 

781 

420 

781 

55 

0.34 

0.38 

0.29 

796 

420 

796 

55 

0.34 

0.37 

0.28 

778 

420 

778 

54 

0.33 

0.37 

0.27 

763 

420 

763 

53 

0.34 

0.38 

0.29 

767 

420 

767 

49 

0.35 

0.37 

0.29 

744 

420 

744 

50 

0.34 

0.37 

0.29 

738 

420 

738 

49 

0.33 

0.38 

0.30 

749 

410 

749 

49 

0.33 

0.38 

0.30 

751 

410 

751 

49 

0.34 

0.37 

0.30 

743 

410 

743 

48 

0.33 

0.38 

0.31 

753 

410 

753 

47 

0.34 

0.37 

0.32 

745 

410 

745 

46 

0.33 

0.37 

0.30 

715 

410 

715 

45 

0.34 

0.37 

0.29 

684 

410 

684 

46 

0.35 

0.37 

0.29 

699 

400 

699 

45 

0.36 

0.37 

0.31 

720 

400 

720 

46 

0.35 

0.37 

0.31 

736 

400 

736 

48 

0.34 

0.36 

0.30 

744 

400 

744 

48 

0.35 

0.36 

0.31 

751 

400 

751 

49 

0.34 

0.35 

0.30 

742 

400 

742 

50 

0.34 

0.36 

0.30 

755 

420 

755 

53 

0.34 

0.36 

0.29 

770 

420 

770 

55 

0.31 

0.33 

0.27 

755 

420 

755 

53 

0.29 

0.33 

0.27 

737 

420 

737 

54 

0.34 

0.36 

0.27 

764 

420 

764 

55 

0.35 

0.36 

0.28 

781 

600 

781 

56 

0.33 

0.36 

0.28 

797 

600 

797 

56 

0.34 

0.36 

0.28 

795 

600 

795 

56 

0.34 

0.36 

0.28 

793 

600 

793 

56 

0.34 

0.36 

0.29 

798 

600 

798 

56 

0.33 

0.36 

0.29 

795 

600 

795 

54 

0.34 

0.36 

0.29 

786 

600 

786 

57 

0.33 

0.36 

0.28 

BOO 

600 

800 

59 

0.34 

0.38 

0.27 

798 

600 

798 

58 

0.34 

0.38 

0.27 

797 

600 

797 

55 

0.34 

0.40 

0.27 

771 

440 

771 

49 

0.32 

0.37 

0.24 

673 

440 

673 

49 

0.35 

0.38 

0.27 

712 

440 

712 

53 

0.33 

0.39 

0.28 

761 

440 

761 

43 

0.33 

0.40 

0.26 

642 

440 

642 

47 

0.33 

0.39 

0.26 

679 

420 

679 

48 

0.33 

0.39 

0.24 

662 

420 

662 

59 

0.33 

0.39 

0.27 

805 

420 

B05 

58 

0.35 

0.39 

0.27 

790 

420 

790 

NORM. 
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PHASE 

INCLU 

270  K 

370  K 

500  K 

BAND 

BBAND 

BBAND 

BBAND 

PEEL 

PEEL 

PEEL 

162 

0 

0 

20 

22 

15 

57 

0.35 

0.38 

0.27 

782 

420 

782 

166 

0 

0 

18 

20 

15 

53 

0.34 

0.38 

0.27 

761 

420 

761 

169 

0 

0 

16 

17 

13 

49 

0.32 

0.34 

0.26 

681 

420 

681 

173 

0 

0 

15 

17 

12 

45 

0.33 

0.37 

0.27 

662 

420 

662 

176 

0 

0 

18 

20 

15 

52 

0.34 

0.39 

0.28 

762 

420 

762 

180 

0 

0 

18 

20 

15 

52 

0.35 

0.38 

0.28 

760 

420 

760 

184 

0 

0 

19 

22 

16 

56 

0.34 

0.39 

0.29 

805 

450 

805 

187 

0 

0 

19 

20 

15 

54 

0.35 

0.38 

0.28 

770 

430 

770 

191 

0 

0 

19 

21 

15 

55 

0.34 

0.39 

0.28 

778 

420 

778 

194 

0 

0 

19 

21 

15 

54 

0.36 

0.39 

0.29 

785 

420 

785 

198 

0 

0 

19 

21 

15 

54 

0.35 

0.39 

0.27 

765 

420 

765 

202 

0 

0 

17 

19 

14 

52 

0.33 

0.37 

0.26 

731 

410 

731 

205 

0 

0 

16 

17 

12 

52 

0.31 

0.34 

0.24 

678 

410 

678 

209 

0 

0 

19 

21 

15 

53 

0.36 

0.39 

0.29 

779 

410 

779 

212 

0 

0 

19 

21 

15 

56 

0.35 

0.38 

0.28 

782 

420 

782 

216 

0 

0 

19 

21 

15 

53 

0.35 

0.39 

0.29 

773 

420 

773 

220 

0 

0 

18 

20 

16 

53 

0.35 

0.38 

0.30 

790 

420 

790 

223 

0 

0 

20 

21 

16 

54 

0.36 

0.38 

0.30 

808 

440 

808 

227 

C67381 

» 

0 

0 

20 

23 

17 

57 

0.36 

0.40 

0.30 

832 

450 

832 

90 

0 

0 

13 

15 

9 

58 

0.23 

0.25 

0.  16 

573 

400 

573 

94 

0 

0 

11 

14 

9 

54 

0.21 

0.26 

0.  17 

560 

400 

560 

97 

0 

0 

12 

14 

9 

56 

0.21 

0.25 

0.  16 

560 

380 

560 

101 

0 

0 

12 

14 

9 

56 

0.22 

0.25 

0.17 

565 

380 

565 

104 

0 

0 

12 

14 

9 

55 

0.23 

0.26 

0.  17 

562 

380 

562 

108 

0 

0 

13 

14 

10 

53 

0.24 

0.27 

0.  18 

577 

380 

577 

112 

0 

0 

14 

15 

10 

52 

0.27 

0.29 

0.20 

600 

3B0 

600 

115 

0 

0 

15 

16 

11 

52 

0.28 

0.30 

0.21 

630 

380 

630 

119 

0 

0 

15 

16 

12 

51 

0.30 

0.32 

0.23 

658 

380 

658 

122 

0 

0 

16 

17 

13 

50 

0.32 

0.34 

0.25 

680 

380 

680 

126 

0 

0 

16 

17 

13 

50 

0.32 

0.34 

0.25 

679 

380 

679 

130 

0 

0 

17 

17 

13 

51 

0.32 

0.33 

0.25 

684 

380 

684 

133 

0 

0 

17 

17 

12 

51 

0.32 

0.33 

0.24 

678 

380 

678 

137 

0 

0 

17 

19 

13 

51 

0.33 

0.34 

0.25 

690 

380 

690 

140 

0 

0 

17 

19 

14 

51 

0.32 

0.36 

0.26 

730 

380 

730 

144 

0 

0 

17 

19 

14 

51 

0.33 

0.37 

0.27 

739 

380 

739 

148 

0 

0 

17 

19 

14 

51 

0.33 

0.37 

0.28 

747 

380 

747 

151 

0 

0 

17 

19 

14 

52 

0.33 

0.38 

0.28 

754 

380 

754 

155 

0 

0 

17 

19 

14 

51 

0.33 

0.38 

0.28 

741 

380 

741 

158 

0 

0 

17 

19 

14 

51 

0.35 

0.36 

0.28 

750 

380 

750 

162 

0 

0 

17 

19 

14 

52 

0.34 

0.37 

0.28 

742 

380 

742 

166 

0 

0 

17 

19 

14 

51 

0.34 

0.37 

0.28 

739 

380 

739 

169 

0 

0 

17 

19 

14 

50 

0.34 

0.38 

0.28 

744 

3B0 

744 

173 

0 

0 

18 

19 

14 

51 

0.34 

0.37 

0.28 

748 

380 

748 

176 

0 

0 

17 

19 

14 

51 

0.34 

0.37 

0.29 

749 

380 

749 

180 

0 

0 

17 

19 

15 

50 

0.34 

0.38 

0.29 

755 

420 

755 

184 

0 

0 

17 

18 

15 

50 

0.34 

0.37 

0.29 

752 

420 

752 

187 

0 

0 

17 

19 

15 

51 

0.34 

0.38 

0.29 

757 

420 

757 

191 

0 

0 

17 

19 

15 

52 

0.34 

0.37 

0.28 

755 

400 

755 

194 

0 

0 

17 

20 

15 

52 

0.33 

0.37 

0.28 

755 

400 

755 

198 

0 

0 

17 

19 

14 

52 

0.33 

0.37 

0.28 

751 

400 

751 

202 

0 

0 

18 

20 

15 

53 

0.34 

0.38 

0.28 

766 

400 

766 

205 

0 

0 

19 

21 

16 

56 

0.33 

0.37 

0.28 

788 

400 

788 

209 

0 

0 

18 

21 

15 

56 

0.33 

0.38 

0.28 

787 

400 

787 
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212 

0 

0 

18 

21 

16 

216 

0 

0 

18 

21 

15 

220 

0 

0 

18 

21 

16 

223 

0 

0 

18 

21 

16 

227 

0 

0 

19 

22 

16 

230 

0 

0 

19 

22 

16 

234 

0 

0 

19 

21 

15 

238 

0 

0 

19 

22 

15 

241 

0 

0 

19 

22 

16 

245 

0 

0 

19 

23 

16 

C6B433  l 

101 

38 

0 

21 

33 

24 

104 

6 

0 

22 

35 

24 

108 

5 

0 

22 

34 

25 

112 

5 

0 

23 

34 

25 

115 

2 

0 

22 

34 

25 

119 

6 

0 

21 

33 

25 

122 

31 

0 

22 

32 

24 

126 

5 

0 

22 

33 

24 

130 

0 

0 

22 

32 

24 

133 

19 

0 

21 

32 

25 

137 

1 

0 

21 

30 

25 

140 

1 

0 

21 

30 

24 

144 

0 

0 

21 

30 

24 

148 

0 

0 

21 

30 

23 

151 

0 

0 

20 

29 

23 

155 

0 

0 

20 

30 

23 

158 

0 

0 

20 

30 

23 

162 

0 

0 

20 

30 

23 

166 

0 

0 

20 

30 

22 

169 

0 

0 

20 

30 

21 

173 

0 

0 

20 

30 

21 

176 

0 

0 

19 

29 

20 

180 

0 

0 

20 

29 

20 

184 

0 

0 

20 

29 

21 

187 

0 

0 

19 

29 

20 

191 

0 

0 

19 

28 

19 

194 

0 

0 

20 

28 

19 

198 

0 

0 

19 

28 

19 

202 

0 

0 

19 

28 

19 

205 

0 

0 

20 

28 

19 

209 

0 

0 

19 

27 

19 

212 

0 

0 

19 

28 

20 

216 

0 

0 

19 

29 

20 

220 

0 

0 

20 

30 

23 

223 

0 

0 

21 

31 

25 

227 

2 

0 

21 

32 

25 

230 

3 

0 

23 

33 

25 

234 

33 

0 

23 

34 

26 

C68516  I 

90 

0 

0 

17 

22 

16 

94 

0 

0 

17 

24 

16 

tfj 

0 

0 

18 

25 

17 

101 

0 

0 

18 

25 

17 

55 

0.34 

0.38 

0.29 

794 

400 

794 

55 

0.32 

0.38 

0.28 

786 

400 

786 

56 

0.33 

0.38 

0.28 

795 

400 

795 

57 

0.33 

0.37 

0.28 

790 

400 

790 

57 

0.32 

0.38 

0.28 

805 

400 

805 

56 

0.33 

0.38 

0.28 

797 

400 

797 

57 

0.33 

0.38 

0.28 

788 

400 

788 

58 

0.33 

0.38 

0.27 

787 

400 

787 

55 

0.33 

0.38 

0.27 

792 

400 

792 

58 

0.32 

0.39 

0.28 

791 

400 

791 

76 

0.28 

0.43 

0.32 

888 

740 

888 

77 

0.28 

0.45 

0.31 

849 

740 

849 

77 

0.28 

0.44 

0.32 

882 

735 

882 

77 

0.29 

0.44 

0.32 

876 

735 

876 

79 

0.28 

0.43 

0.32 

890 

730 

B90 

75 

0.28 

0.44 

0.33 

892 

740 

892 

75 

0.29 

0.43 

0.32 

888 

750 

888 

76 

0.29 

0.44 

0.32 

878 

760 

878 

74 

0.30 

0.44 

0.32 

8BB 

750 

888 

74 

0.29 

0.44 

0.34 

905 

745 

905 

73 

0.29 

0.42 

0.34 

936 

750 

936 

71 

0.30 

0.43 

0.34 

928 

750 

928 

70 

0.30 

0.43 

0.34 

915 

750 

915 

71 

0.30 

0.42 

0.33 

917 

750 

917 

70 

0.29 

0.42 

0.33 

919 

750 

919 

70 

0.29 

0.42 

0.33 

916 

760 

916 

69 

0.29 

0.44 

0.33 

899 

755 

899 

69 

0.29 

0.43 

0.33 

912 

755 

912 

68 

0.29 

0.44 

0.32 

885 

760 

BBS 

68 

0.29 

0.43 

0.31 

880 

760 

880 

68 

0.29 

0.43 

0.31 

874 

765 

874 

68 

0.29 

0.43 

0.30 

869 

765 

869 

68 

0.29 

0.43 

0.30 

860 

760 

860 

67 

0.29 

0.43 

0.31 

870 

770 

870 

67 

0.29 

0.43 

0.30 

857 

770 

857 

66 

0.29 

0.42 

0.29 

844 

760 

844 

66 

0.30 

0.42 

0.29 

854 

760 

854 

65 

0.29 

0.42 

0.29 

844 

770 

844 

64 

0.30 

0.44 

0.29 

829 

770 

829 

65 

0.30 

0.42 

0.29 

851 

760 

851 

65 

0.29 

0.41 

0.29 

854 

770 

854 

66 

0.29 

0.42 

0.30 

865 
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0.44 

0.32 

1523 

440 

NORM. 

EST. 

PEEL 

704 

684 

735 

752 

745 

742 

629 

626 

648 

612 

622 

590 

592 

611 

668 

1360 

1324 

1278 

1340 

1335 

1294 

1275 

1323 

1272 

1007 

1357 

1410 

1334 

1337 

1376 

1377 
1379 
1410 
1371 
1216 
1421 
1425 
150B 
1437 
1442 
1477 
1466 
1450 
1494 
1457 

1501 
1507 
1526 

1502 
1454 
1523 


Sizes 

ANGLE 

26 

PHASE 

X 

INCLU 

6 

270  K 

370  K 

Comments!  Data  extracted  from  regions 

exhibiting  smooth  adhesion  pull. 

•  B 

a  a 

BROAD  270/  370/  500/  EST.  MEAS. 

500  K  BAND  BBAND  BBAND  BBAND  PEEL  PEEL 

NORM. 

EST. 

PEEL 

837585 

i37 

a 

■ 

0 

0 

12 

14 

11 

46 

0.26 

0.30 

0.24 

588 

760 

614 

140 

0 

0 

11 

14 

11 

47 

0.23 

0.29 

0.22 

582 

760 

607 

144 

0 

0 

11 

14 

10 

49 

0.23 

0.28 

0.21 

570 

740 

595 

148 

0 

0 

11 

13 

10 

47 

0.23 

0.28 

0.21 

544 

720 

568 

151 

0 

0 

11 

13 

10 

48 

0.22 

0.28 

0.20 

554 

720 

578 

155 

0 

0 

10 

14 

10 

45 

0.23 

0.30 

0.23 

570 

720 

595 

158 

0 

0 

10 

15 

11 

44 

0.24 

0.34 

0.26 

620 

720 

647 

162 

0 

0 

12 

14 

11 

43 

0.27 

0.33 

0. 25 

600 

700 

626 

166 

0 

0 

13 

15 

12 

43 

0.30 

0.35 

0.27 

631 

700 

658 

169 

0 

0 

15 

16 

13 

48 

0.31 

0.34 

0.26 

674 

720 

703 

173 

0 

0 

15 

16 

13 

47 

0.32 

0.34 

0.27 

675 

740 

704 

176 

0 

0 

15 

16 

13 

46 

0.32 

0.34 

0.28 

675 

730 

704 

180 

0 

0 

15 

16 

13 

46 

0.33 

0.34 

0.28 

672 

720 

701 

184 

0 

0 

15 

15 

13 

45 

0.34 

0.34 

0.28 

666 

720 

695 

187 

0 

0 

16 

16 

13 

48 

0.34 

0.34 

0.28 

687 

720 

717 

191 

0 

0 

15 

16 

13 

45 

0.34 

0.34 

0.28 

664 

720 

693 

194 

0 

0 

14 

15 

12 

43 

0.32 

0.34 

0.28 

633 

700 

661 

198 

0 

0 

14 

15 

12 

41 

0.33 

0.35 

0.28 

626 

750 

653 

202 

0 

0 

14 

14 

12 

42 

0.34 

0.35 

0.29 

627 

730 

654 

205 

0 

0 

12 

13 

11 

40 

0.31 

0.33 

0.28 

592 

740 

618 

209 

0 

0 

13 

14 

12 

42 

0.32 

0.34 

0.28 

621 

730 

648 

212 

0 

0 

15 

15 

13 

44 

0.34 

0.35 

0.29 

663 

740 

692 

216 

0 

0 

14 

15 

12 

42 

0.32 

0.36 

0.28 

642 

750 

670 

220 

0 

0 

14 

14 

12 

42 

0.33 

0.34 

0.28 

630 

750 

657 

223 

0 

0 

16 

16 

14 

47 

0.35 

0.35 

0.29 

697 

760 

727 

C69415 

227 

• 

B 

0 

0 

17 

24 

15 

62 

0.28 

0.38 

0.24 

770 

630 

803 

230 

0 

0 

17 

23 

15 

63 

0.27 

0.37 

0.24 

775 

620 

809 

234 

0 

0 

17 

24 

15 

62 

0.27 

0.39 

0.24 

764 

620 

797 

238 

0 

0 

17 

24 

15 

64 

0.26 

0.38 

0.24 

780 

620 

814 

241 

0 

0 

17 

24 

15 

65 

0.27 

0.37 

0.23 

782 

600 

816 

245 

0 

0 

19 

25 

15 

67 

0.28 

0.37 

0.23 

793 

610 

827 

248 

0 

0 

20 

25 

16 

61 

0.32 

0.41 

0.27 

800 

600 

835 

252 

0 

0 

18 

24 

16 

65 

0.28 

0.37 

0.24 

794 

600 

829 

256 

0 

0 

17 

25 

15 

64 

0.26 

0.38 

0.23 

770 

600 

803 

259 

0 

0 

17 

24 

15 

56 

0.29 

0.43 

0.26 

755 

590 

788 

263 

0 

0 

16 

24 

15 

58 

0.28 

0.41 

0.26 

766 

590 

799 

266 

0 

0 

17 

25 

15 

58 

0.29 

0.43 

0.26 

757 

590 

790 

270 

0 

0 

18 

24 

15 

58 

0.31 

0.41 

0.26 

767 

590 

800 

274 

0 

0 

18 

24 

15 

59 

0.30 

0.41 

0.26 

772 

580 

806 

277 

0 

0 

18 

23 

15 

58 

0.31 

0.40 

0.25 

765 

580 

798 

281 

0 

0 

18 

24 

15 

55 

0.32 

0.43 

0.27 

758 

580 

791 

284 

0 

0 

20 

27 

17 

63 

0.31 

0.42 

0.27 

800 

580 

835 

NORM. 


ANGLE  PHASE 

INCLU 

270  K 

370  K 

500  K 

BROAD 

BAND 

270/ 

BBAND 

370/ 

BBAND 

500/ 

BBAND 

EST. 

PEEL 

ME  AS. 
PEEL 

EST. 

PEEL 

288 

0 

0 

20 

28 

17 

63 

0.32 

0.45 

0.27 

782 

620 

816 

292 

0 

0 

19 

27 

17 

63 

0.30 

0.42 

0.28 

817 

610 

853 

295 

0 

0 

19 

27 

17 

65 

0.30 

0.42 

0.27 

813 

590 

848 

299 

0 

0 

19 

28 

18 

65 

0.30 

0.42 

0.27 

821 

590 

857 

302 

0 

0 

19 

28 

18 

66 

0.29 

0.43 

0.27 

819 

600 

855 

306 

0 

0 

19 

28 

18 

66 

0.29 

0.43 

0.28 

822 

580 

B58 

310 

0 

0 

19 

28 

18 

66 

0.28 

0.43 

0.28 

829 

580 

865 

313 

0 

0 

18 

27 

18 

62 

0.29 

0.44 

0.29 

821 

560 

857 

317 

0 

0 

17 

26 

18 

61 

0.28 

0.43 

0.29 

827 

560 

863 

320 

0 

0 

20 

29 

20 

68 

0.29 

0.43 

0.29 

841 

570 

87B 

324 

0 

0 

20 

31 

20 

69 

0.29 

0.45 

0.29 

828 

560 

864 

328 

0 

0 

20 

30 

21 

68 

0.29 

0.44 

0.30 

846 

530 

883 

331 

0 

0 

20 

31 

21 

69 

0.29 

0.45 

0.30 

833 

540 

869 

335 

0 

0 

19 

30 

20 

69 

0.28 

0.44 

0.29 

841 

560 

878 

338 

0 

0 

19 

31 

21 

68 

0.29 

0.45 

0.30 

839 

570 

875 

342 

0 

0 

19 

31 

20 

66 

0.29 

0.47 

0.31 

822 

570 

85B 

346 

0 

0 

20 

31 

21 

66 

0.30 

0.47 

0.31 

827 

570 

863 

349 

0 

0 

19 

31 

20 

64 

0.30 

0.49 

0.31 

807 

560 

842 

353 

0 

0 

19 

31 

20 

64 

0.30 

0.48 

0.31 

810 

600 

845 

356 

0 

0 

20 

31 

20 

65 

0.30 

0.48 

0.31 

819 

540 

855 

360 

0 

0 

20 

32 

22 

68 

0.29 

0.47 

0.32 

826 

550 

862 

C69416  s 

137 

0 

0 

21 

29 

18 

70 

0.30 

0.42 

0.26 

816 

580 

851 

140 

0 

0 

21 

28 

18 

67 

0.32 

0.42 

0.27 

829 

580 

865 

144 

0 

0 

20 

28 

19 

65 

0.31 

0.44 

0.29 

827 

590 

863 

148 

0 

0 

17 

23 

15 

63 

0.27 

0.37 

0.24 

779 

560 

813 

151 

0 

0 

22 

29 

18 

69 

0.32 

0.42 

0.26 

807 

580 

B42 

155 

0 

0 

22 

28 

17 

71 

0.31 

0.40 

0.25 

815 

610 

850 

158 

0 

0 

22 

28 

18 

67 

0.33 

0.42 

0.26 

814 

610 

849 

162 

0 

0 

21 

28 

18 

73 

0.29 

0.38 

0.24 

828 

590 

864 

166 

0 

0 

21 

26 

17 

73 

0.29 

0.35 

0.23 

826 

560 

862 

169 

0 

0 

22 

27 

17 

77 

0.28 

0.35 

0.22 

832 

540 

868 

173 

0 

0 

21 

26 

16 

76 

0.28 

0.34 

0.21 

816 

540 

851 

176 

0 

0 

20 

25 

15 

75 

0.27 

0.34 

0.20 

783 

540 

B17 

180 

0 

0 

20 

27 

16 

74 

0.27 

0.36 

0.21 

793 

540 

827 

184 

0 

0 

15 

21 

13 

61 

0.25 

0.35 

0.22 

738 

540 

770 

187 

0 

0 

15 

21 

13 

69 

0.21 

0.30 

0.  19 

739 

540 

771 

191 

0 

0 

19 

24 

15 

72 

0.27 

0.34 

0.21 

792 

550 

826 

194 

0 

0 

20 

26 

16 

70 

0.29 

0.37 

0.23 

812 

570 

847 

198 

0 

0 

20 

26 

16 

69 

0.29 

0.38 

0.24 

812 

560 

847 

202 

0 

0 

20 

27 

17 

70 

0.29 

0.39 

0.25 

819 

540 

855 

205 

0 

0 

20 

27 

18 

66 

0.31 

0.41 

0.27 

824 

520 

860 

209 

0 

0 

21 

29 

18 

70 

0.30 

0.41 

0.26 

821 

520 

857 

212 

0 

0 

20 

28 

18 

72 

0.28 

0.39 

0.26 

842 

530 

879 

216 

0 

0 

20 

31 

19 

81 

0.25 

0.38 

0.23 

830 

550 

866 

220 

0 

0 

19 

27 

19 

68 

0.27 

0.40 

0.27 

852 

560 

889 

223 

0 

0 

20 

32 

20 

68 

0.30 

0.47 

0.30 

816 

540 

851 

D6 10907  « 

101 

0 

0 

21 

34 

26 

71 

0.30 

0.48 

0.36 

878 

520 

916 

104 

0 

0 

21 

34 

26 

70 

0.30 

0.49 

0.38 

873 

500 

911 

108 

0 

0 

21 

33 

25 

71 

0.29 

0.47 

0.36 

884 

480 

922 

112 

0 

0 

20 

33 

24 

69 

0.29 

0.48 

0.36 

869 

480 

907 

115 

0 

0 

20 

32 

25 

68 

0.30 

0.48 

0.36 

884 

480 

922 

119 

0 

0 

20 

32 

25 

68 

0.30 

0.47 

0.36 

B85 

480 

923 

NORM. 


ANGLE  1 

PHASE 

INCLU 

270  K 

370  K 

500  K 

BROAD 

BAND 

270/ 

BBAND 

370/ 

BBAND 

500/ 

BBAND 

EST. 

PEEL 

ME  AS. 
PEEL 

EST. 

PEEL 

122 

0 

0 

20 

31 

24 

67 

0.31 

0.47 

0.36 

892 

480 

931 

126 

0 

0 

20 

31 

24 

67 

0.30 

0.47 

0.36 

895 

480 

934 

130 

0 

0 

20 

32 

24 

67 

0.30 

0.47 

0.35 

878 

480 

916 

133 

0 

0 

20 

31 

23 

68 

0.30 

0.47 

0.35 

883 

480 

921 

137 

0 

0 

21 

33 

24 

68 

0.30 

0.49 

0.35 

852 

480 

889 

140 

0 

0 

21 

32 

23 

65 

0.33 

0.50 

0.36 

855 

490 

892 

144 

0 

0 

21 

32 

23 

64 

0.33 

0.49 

0.35 

858 

490 

895 

148 

0 

0 

21 

32 

23 

63 

0.34 

0.51 

0.36 

852 

500 

889 

151 

0 

0 

21 

30 

22 

63 

0.33 

0.48 

0.35 

867 

500 

905 

155 

0 

0 

21 

32 

23 

66 

0.32 

0.48 

0.36 

873 

520 

911 

158 

0 

0 

20 

31 

23 

66 

0.30 

0.47 

0.35 

877 

520 

915 

162 

0 

0 

20 

31 

24 

67 

0.30 

0.46 

0.35 

896 

540 

935 

166 

0 

0 

20 

31 

23 

67 

0.30 

0.46 

0.35 

889 

540 

928 

169 

0 

0 

20 

30 

23 

67 

0.29 

0.45 

0.35 

900 

540 

939 

173 

0 

0 

20 

31 

23 

65 

0.31 

0.47 

0.36 

894 

550 

933 

176 

0 

0 

20 

31 

23 

66 

0.30 

0.47 

0.35 

887 

560 

926 

180 

0 

0 

20 

32 

24 

67 

0.30 

0.48 

0.35 

876 

560 

914 

D611131 

90 

8 

0 

0 

18 

19 

17 

57 

0.33 

0.34 

0.30 

819 

620 

855 

94 

0 

0 

18 

19 

17 

55 

0.33 

0.35 

0.30 

810 

660 

845 

97 

0 

0 

18 

18 

15 

56 

0.32 

0.31 

0.27 

766 

660 

799 

101 

0 

0 

19 

18 

16 

56 

0.33 

0.33 

0.28 

775 

660 

809 

104 

0 

0 

17 

17 

15 

58 

0.30 

0.29 

0.26 

759 

660 

792 

108 

0 

0 

18 

19 

16 

58 

0.30 

0.32 

0.27 

790 

660 

824 

D6 11343 
137 

S 

0 

0 

18 

26 

20 

61 

0.30 

0.42 

0.32 

880 

610 

918 

140 

0 

0 

19 

27 

21 

62 

0.30 

0.43 

0.34 

900 

610 

939 

144 

0 

0 

18 

25 

20 

61 

0.30 

0.41 

0.33 

883 

610 

921 

148 

0 

0 

19 

26 

21 

63 

0.30 

0.41 

0.33 

894 

610 

933 

151 

0 

0 

19 

28 

21 

63 

0.29 

0.44 

0.34 

889 

610 

928 

155 

0 

0 

19 

26 

21 

62 

0.30 

0.42 

0.34 

897 

610 

936 

158 

0 

0 

19 

27 

22 

64 

0.29 

0.42 

0.34 

909 

610 

949 

162 

0 

0 

18 

27 

21 

63 

0.29 

0.43 

0.34 

904 

610 

943 

166 

0 

0 

18 

27 

22 

63 

0.29 

0.43 

0.35 

910 

610 

950 

169 

0 

0 

19 

28 

22 

63 

0.30 

0.44 

0.34 

894 

610 

933 

D6 12007 
191 

■ 

a 

0 

0 

18 

26 

19 

69 

0.26 

0.37 

0.28 

886 

760 

925 

194 

0 

0 

18 

27 

20 

70 

0.25 

0.38 

0.29 

902 

750 

941 

198 

0 

0 

18 

27 

21 

70 

0.25 

0.39 

0.30 

909 

750 

949 

202 

0 

0 

18 

29 

23 

71 

0.25 

0.41 

0.32 

927 

760 

967 

205 

0 

0 

19 

30 

23 

72 

0.26 

0.42 

0.32 

916 

760 

956 

209 

0 

0 

18 

28 

22 

70 

0.26 

0.40 

0.32 

921 

760 

961 

212 

1 

0 

19 

29 

23 

71 

0.26 

0.40 

0.32 

933 

760 

974 

216 

1 

0 

18 

28 

22 

71 

0.26 

0.40 

0.31 

922 

760 

962 

220 

0 

0 

18 

27 

22 

69 

0.25 

0.39 

0.32 

925 

760 

965 

223 

0 

0 

18 

27 

21 

71 

0.25 

0.38 

0.30 

914 

760 

954 

227 

0 

0 

18 

27 

21 

70 

0.25 

0.39 

0.30 

901 

750 

940 

230 

0 

0 

17 

27 

20 

67 

0.26 

0.41 

0.30 

887 

760 

926 

234 

0 

0 

18 

26 

20 

67 

0.27 

0.39 

0.30 

887 

760 

926 

238 

0 

0 

18 

27 

21 

69 

0.25 

0.39 

0.30 

904 

760 

943 

241 

0 

0 

18 

27 

21 

68 

0.27 

0.40 

0.31 

905 

760 

944 

245 

0 

0 

18 

26 

21 

69 

0.26 

0.38 

0.30 

907 

760 

946 

248 

0 

0 

18 

27 

20 

69 

0.26 

0.39 

0.29 

887 

760 

926 

252 

0 

0 

17 

26 

19 

66 

0.26 

0.40 

0.29 

868 

780 

906 

ANGLE 

PHASE 

INCLU 

270  K 

370  K 

500  K 

256 

0 

0 

17 

26 

20 

259 

0 

0 

17 

27 

21 

263 

0 

0 

17 

26 

20 

266 

0 

0 

17 

26 

20 

270 

0 

0 

17 

26 

20 

274 

0 

0 

17 

26 

19 

277 

0 

0 

18 

25 

18 

261 

0 

0 

18 

25 

19 

2B4 

0 

0 

18 

26 

20 

288 

0 

0 

18 

26 

19 

292 

0 

0 

IB 

26 

20 

295 

0 

0 

18 

26 

19 

299 

0 

0 

18 

26 

20 

302 

0 

0 

18 

26 

20 

306 

0 

0 

18 

25 

19 

310 

0 

0 

19 

25 

19 

313 

0 

0 

18 

26 

20 

317 

0 

0 

18 

26 

20 

320 

0 

0 

19 

26 

19 

324 

0 

0 

18 

26 

20 

328 

0 

0 

18 

26 

19 

331 

0 

0 

18 

26 

19 

335 

0 

0 

18 

26 

20 

338 

0 

0 

18 

26 

20 

342 

0 

0 

18 

26 

21 

346 

0 

0 

18 

27 

21 

349 

0 

0 

18 

28 

21 

353 

0 

0 

18 

27 

21 

356 

0 

0 

18 

27 

21 

360 

D6 12457 

0 

1 

0 

18 

28 

21 

72 

0 

0 

12 

17 

11 

76 

0 

0 

12 

17 

11 

0 

0 

12 

17 

11 

B3 

0 

0 

8 

14 

9 

86 

0 

0 

12 

18 

11 

90 

0 

0 

13 

18 

11 

94 

0 

0 

13 

18 

11 
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All„,  _  „  ,  BROAD  270/  370/  500/  EST.  MEAS.  EST. 
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0 

0 

14 

20 

13 
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0 

0 

14 

19 

14 
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14 
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14 

342 

0 

0 

15 
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14 
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14 
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23 
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20 
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34 
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19 
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23 
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28 
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20 

31 
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0 

0 

19 

33 

25 
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0 

0 
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32 

24 

115 

0 

0 

19 

32 

24 

50 

0.29 

0.39 

0.27 
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729 
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0.40 
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742 

880 
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745 
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51 

0.29 

0.39 

0.27 

738 

880 
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49 

0.29 

0.40 

0.28 

731 

880 

763 

49 

0.29 

0.39 

0.27 

726 

860 
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49 

0.30 

0.39 

0.28 

734 

860 

766 

50 

0.29 

0.40 
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741 

850 

773 

71 

0.28 

0.47 

0.35 

87B 

930 

916 

71 

0.28 

0.46 

0.35 

886 

930 

925 

72 

0.28 

0.45 

0.35 

902 

960 

941 

73 

0.27 

0.45 

0.34 

891 

960 

930 

67 

0.28 

0.45 

0.36 

913 

950 

953 

70 

0.28 

0.45 

0.35 

908 

920 

947 

76 

0.26 

0.42 

0.33 

914 

930 

954 
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0.27 

0.46 

0.35 

884 

930 

922 

73 

0.28 

0.46 

0.35 

888 

930 

927 

72 

0.29 

0.47 

0.36 

878 

930 

916 

71 

0.29 

0.48 

0.36 

878 

940 

916 

70 

0.29 

0.48 

0.36 

881 

930 

919 

69 

0.28 

0.48 

0.36 

883 

920 

921 

67 
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0.47 

0.37 

901 
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940 

67 
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0.37 

898 

860 

937 

67 

0.28 
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0.36 
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830 
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67 
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889 
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928 

67 
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0.45 
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820 

955 

65 

0.30 

0.45 

0.36 
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820 

950 

65 

0.29 

0.45 

0.36 

911 
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68 
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953 
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770 
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0.42 

0.33 

922 

780 
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67 

0.28 

0.41 

0.34 

925 
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76 

0.26 

0.41 

0.32 

924 

790 

964 

68 

0.29 

0.43 

0.33 
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72 

0.27 
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970 

69 
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0.34 
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68 

0.28 

0.48 
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69 

0.28 
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886 
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70 

0.27 

0.46 

0.35 

891 
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NORM. 
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0 
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19 
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24 
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19 
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23 

65 
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952 
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0 

18 

29 

22 

64 

0.29 

0.45 
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892 

580 

931 

140 

0 

0 

19 

28 

21 

63 

0.30 

0.44 

0.34 

893 

580 

932 

144 

0 

0 

18 

28 

22 

63 

0.29 

0.44 

0.34 

898 

580 

937 

148 

0 

0 

19 

27 

22 

62 

0.30 

0.44 

0.35 

903 

590 

942 

151 

0 

0 

19 

28 

22 

62 

0.31 

0.45 

0.35 

898 
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937 
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0 

0 

19 

28 

22 

62 

0.31 

0.46 
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897 
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936 

158 

0 

0 

19 

28 

22 

62 
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895 
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934 
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0 

0 

19 

28 

21 

61 

0.31 

0.47 
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882 
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920 

166 

0 

0 

19 

28 

21 

62 

0.31 

0.45 

0.34 

884 
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922 
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0 

0 

19 

28 

22 

61 

0.31 

0.46 
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892 
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931 
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0 

0 

19 

28 

22 

62 

0.31 

0.45 

0.35 

894 
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933 
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0 

0 

19 

28 

22 

62 

0.31 

0.45 

0.35 

892 
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931 
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0 

0 

17 

22 

17 

50 

0.34 

0.44 

0.35 

831 
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0 

0 

19 

28 

21 

61 

0.31 

0.46 

0.35 

892 
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0 

0 

19 

28 

22 

61 

0.31 

0.46 

0.36 

894 
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933 
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0 

0 

19 

28 

21 

60 

0.31 

0.46 

0.35 

878 

570 

916 
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0 

0 

19 

27 

21 

59 

0.32 

0.47 

0.36 

885 
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923 

198 

0 

0 

16 

23 

18 

55 

0.30 

0.41 

0.32 

842 

560 

879 
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0 

0 

18 

26 

21 

58 

0.31 

0.45 
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886 
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925 
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0 
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19 

27 

21 

59 
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0.45 
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209 

0 
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19 
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21 

60 
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886 
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0 
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19 

27 

21 

60 
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934 
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0 

0 

16 

20 

16 

49 

0.34 

0.41 

0.33 

799 

560 

834 

220 

0 

0 

19 

24 

19 

54 

0.34 

0.45 

0.35 

861 

560 

898 

223 

0 

0 

18 

26 

20 

60 

0.30 

0.43 

0.34 

889 

560 

928 

227 

0 

0 

20 

27 

21 

60 

0.33 

0.45 

0.35 

889 

560 

928 

230 

0 

0 

19 

27 
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62 

0.31 

0.43 

0.34 

898 

560 

937 

234 

0 

0 

19 

26 

21 

61 

0.31 

0.42 

0.34 

894 

570 

933 

238 

0 

0 

18 

27 

21 

61 

0.30 

0.44 

0.35 

896 

590 

935 

241 

0 

0 

19 

26 

20 

59 

0.33 

0.44 

0.34 

885 

570 

923 

245 

0 

0 

18 

24 

19 

54 

0.34 

0.44 

0.34 

856 

570 

893 

248 

0 

0 

18 

27 

21 

59 

0.31 

0.46 

0.35 

882 

570 

920 

252 

0 

0 

16 

20 

16 

51 

0.31 

0.39 

0.32 

804 

580 

839 

256 

0 

0 

17 

22 

18 

55 

0.30 

0.40 

0.33 

844 

560 

881 

259 

0 

0 

18 

23 

17 

48 

0.37 

0.47 

0.35 

824 

560 

860 
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0 

0 

19 

24 

19 

55 

0.34 

0.45 

0.35 

865 
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903 
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0 

0 

19 

24 

19 

55 

0.34 

0.44 

0.34 

858 
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0 

0 

19 
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20 
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0.43 
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885 
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923 
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0 

0 

19 
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21 

59 

0.32 

0.44 
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891 
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930 
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0 

0 

19 

26 

21 

59 

0.32 

0.44 

0.36 

901 
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940 
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0 

0 

19 

25 

19 
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0.33 

0.43 

0.34 

871 
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909 
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0 
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18 

26 

20 

56 

0.33 

0.46 
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288 

0 

0 

19 

25 

19 

53 

0.36 

0.47 

0.35 

853 

690 

890 
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11 
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11 
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16 

21 

18 

51 

0.30 

0.40 

0.35 

844 
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0 

0 

16 

22 

18 

54 

0.31 

0.41 

0.33 

840 

670 

877 
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0 

0 

14 

17 

14 

46 

0.31 

0.38 

0.30 
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670 
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0 

0 

15 
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16 

48 
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0.41 

0.33 
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20 
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0.30 
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680 
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0 
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166 

0 

0 

18 

25 

20 

60 

0.30 
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763 

227 

0 

0 

18 

25 

21 

62 

0.29 

0.41 

0.34 

903 
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21 

64 
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0.33 

914 
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954 
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0 

0 

18 

26 

21 

61 

0.30 

0.42 
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898 

670 

937 

238 

0 

0 
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26 

21 

63 
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909 
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0 
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21 

62 
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0 
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20 

60 
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0 

0 

16 

23 

19 

56 
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17 
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17 

51 
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810 
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0 

0 

18 
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19 
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0 

0 

18 
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20 
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893 
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0 

0 

18 

26 

20 

62 
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885 
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923 

266 

0 

0 

18 

25 

20 

60 
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0.42 

0.33 

886 

630 

925 
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0 

0 

18 

24 

20 

60 
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0.41 

0.33 

887 

680 

926 

274 

0 

0 

18 

25 

20 

60 

0.30 

0.41 

0.33 

BBS 

620 

923 

277 

0 

0 

18 

23 

19 

56 

0.32 

0.42 

0.33 

862 

640 

899 

281 

0 

0 

17 

22 

17 

50 

0.33 

0.44 

0.33 

818 

700 

854 

284 

0 

0 

15 

19 

15 

44 

0.33 

0.42 

0.33 

756 

700 

789 

28B 

0 

0 

15 

19 

15 

48 

0.32 

0.39 

0.32 

774 

740 

808 

E6 14794  i 
58 

0 

0 

19 

31 

23 

64 

0.30 

0.48 

0.35 

872 

730 

910 

61 

0 

0 

19 

30 

22 

65 

0.29 

0.46 

0.34 

884 

720 

922 

65 

0 

0 

20 

29 

22 

63 

0.31 

0.46 

0.35 

890 

720 

929 

68 

0 

0 

19 

30 

22 

64 

0.29 

0.47 

0.34 

880 

740 

918 

72 

0 

0 

19 

29 

22 

64 

0.30 

0.45 

0.35 

897 

780 
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